Background: Determinations of platelet receptor functions are indispensable diagnostic indicators of cardiovascular and hemostatic diseases including hereditary and acquired receptor defects and receptor responses to drugs. However, presently available techniques for assessing platelet function have some disadvantages, such as low sensitivity and the requirement of large sample sizes and unphysiologically high agonist concentrations. Our goal was to develop and initially characterize a new technique designed to quantitatively analyze platelet receptor activation and platelet function on the basis of measuring changes in low angle light scattering. Methods: We developed a novel technique based on low angle light scattering registering changes in light scattering at a range of different angles in platelet suspensions during activation. Results: The method proved to be highly sensitive for simultaneous real time detection of changes in size and shape of platelets during activation. Unlike commonly-used methods, the
Introduction
Platelet activation and aggregation play key roles in both normal hemostasis and pathological bleeding and thrombosis. Many bleeding and thrombosis disorders are most often associated with platelets dysfunctions (1 -4) . Exaggerated platelet aggregation response often leads to acute coronary syndromes, ischemic complications and stroke (5, 6) . Therefore, monitoring of platelet activity is an important diagnostic parameter. Several different platelet function tests are widely used for monitoring platelet reactivity [for review see (7) ]. However, the light-transmission aggregometry (LTA) as introduced by Born in 1963 (8) still serves as a gold-standard test for studies of platelet function and diagnostics of platelet disorders. Importantly, LTA and even other recently developed aggregometry tests have obvious limitations, such as low sensitivity, considerable sample consumption and the required unphysiologically high concentrations of stimulant. Since the introduction of LTA numerous attempts have been made to improve the sensitivity of this technique. These approaches, however, require a complex setup and/or sophisticated analysis and have not been fully established as functional platelet tests (9, 10) . A considerable improvement has been achieved by switching from detection by light transmittance to an electrical detection by measuring the impedance of the sample (11) . Even these novel techniques are still hampered by the clearly unphysiologically high concentration of stimulants required to achieve platelet aggregation and by their inability to detect platelet shape changes.
Here, we present a new method which is based on measuring changes in small angle light scattering of platelet suspensions a during the aggregation process (Low angle Scattering method -LaSca). This method is characterized by high sensitivity and the ability to discern the aggregation process from platelet shape change in a single experiment. The presented method demonstrates a signifi cantly improved sensitivity of light scattering over LTA with respect to stimulant concentration. For example, the ADP concentrations required here for stimulation of aggregation are one to two orders of magnitude lower than typically applied in LTA. Thus, this technique provides an outstanding improvement in platelet aggregometry and can be expected to advance platelet function diagnostics. Furthermore, not only platelet aggregation but all kinds of transitions of cellular shape in cell suspensions can be easily monitored by this method.
Materials and methods
An expanded Methods section is available in the Online Data Supplement.
Preparation of human and mouse platelet rich plasma (PRP)
Blood was obtained from healthy volunteers, clopidogrel treated, and Glanzmann patients after informed consent according to our Institutional Guidelines and the Declaration of Helsinki. Our studies with human platelets are approved and recently (24 September 2008) reconfi rmed by the Local Ethics Committee of the University of W ü rzburg (Studies No. 67/92 and 114/04). Clopidogrel effects were investigated with blood from a health volunteer taking one bolus dose of 600 mg clopidogrel. Volunteers and platelet inhibitor treated individuals were selected as previously described (12) . The Glanzmann patient, aged 62 years, showed severe bleedings and was diagnosed Glanzmann ' s thrombasthenia type I. Platelet aggregation was absent in response to all agonists except ristocetin and fl ow cytometry analysis showed complete lack of GPIIb on the platelet surface and fi brinogen binding in response to platelet stimulation being absent. Mouse experiments were conducted in accordance with the German legislation on protection of animals and approved by the local animal care committee and governmental authorities. Human platelet rich plasma (PRP) was prepared as described previously (13) with minor modifi cations. Blood was collected into acid-citrate-dextrose anticoagulant (ACD, 12 mM citric acid, 15 mM sodium citrate, 25 mM D-glucose, fi nal concentrations) and 1 mM EGTA and 0.2 U/mL apyrase (fi nal concentration) was added directly to the whole blood sample. PRP was obtained by 15 min centrifugation at 330 g . An appropriate amount of PRP was added to the buffer to achieve a density of 10,000 platelets/ μ L (see Supplementary Figure 1 ). Mouse PRP was prepared according to published protocols (14) . Briefl y, blood was collected from the orbital sinus of mice anesthetized by ether inhalation into 1/7 volume of ACD. 1 mM EGTA and 0.2 U/mL apyrase (fi nal concentration) was added directly to the whole blood sample. Blood was centrifuged at 300 g for 5 min and PRP was centrifuged for additional 8 min at 80 g to separate from contaminating erythrocytes.
Platelet experiments on low angle scattering device
All experiments were performed in 6 mL of modifi ed HEPES buffer (pH 7.4, osmolarity 302 mOsm, containing 140 mM NaCl, 10 mM HEPES, 10 mM NaHCO 3 , 2 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 5.5 mM D-glucose). An appropriate amount of PRP was added to the buffer to achieve a density of 10,000 platelets/ μ L (see Supplementary  Figure 1 ). After 2 min of establishing a constant basal signal, ADP, ATP, collagen or U46619 were added at indicated concentration to the platelet suspension. Inhibitors (AR-C69931, MRS2179, NF449, SQ-29548) were added 2 min prior to stimulation, and the recordings were performed during additional 10 min. In control experiments without stimulation, the basal signal remained constant during this time interval.
Data analysis
All experiments were performed at least at n = 4, and summary data are expressed as means ± SEM. Differences between groups were analyzed by ANOVA followed by Bonferroni ' s test and Student's t-test was used when appropriate. p < 0.05 was considered statistically signifi cant.
Results

General principles and characterization of low angle Light scattering (LaSca) method
The LaSca method is based on measuring the light scattering profi le of a sample. The intensity profi le of scattered light depends on the scatter angle and correlates with the size and shape of the observed particles. Therefore, it can be applied to quantify the distribution of size and shape of the particles present in suspension. The setup used here provides a simultaneous observation of the intensity of the scattered light at angles ranging from 1 ° to 12 ° (Supplementary Figure 2 ) . During the aggregation process, platelets fi rst undergo a change from an oblate spheroidal shape to a spherical shape and then to a complex shape characterized by cell protrusions linking the cells to a microaggregate, and, in a later step, to a macroscopic clot. Born aggregometry (LTA) is based on the principle of multiple scattering (15) , hence the aggregation process is observed as a decrease in the amount of scattering particles but is not related to changes in particle size. By providing conditions of single scattering according to the Mie description of the scatter process, the LaSca technique allows for a simultaneous measurement of changes of particle size and shape. To maintain single scattering conditions, the platelet density must be adjusted to yield a transmittance of at least 50 % of the transmittance of the cuvette alone (16) . (For details see Online Data Supplement and Supplementary Figure 1 ) .
To establish and verify this novel method, we used ADP, collagen and U46619 to induce platelet aggregation. The relation of light transmission (LT) to the light intensity of the scattered light (LSI) at 1 ° I(1) in dependence on platelet concentration, was determined with the setup to provide data on the range of an adequate platelet density. The maximum platelet density allowing single light scattering measurements was determined to be 10,000 platelets/ μ L, therefore PRP used in the experiments was diluted with buffer accordingly (Supplementary Figure 1) .
For verifi cation of the underlying theory a model for the platelet aggregation processes was established using three different stages representing the isolated platelet ( monomeric-particle) , platelet dimers ( dimeric particle) and a mixture of dimers and larger aggregates ( multimeric particles) (Supplementary Figure 3 A ). We calculated angle diagrams for all these stages (Supplementary Figure 3B) . More detailed calculation of these parameters is presented in the Online Data Supplement. The angle dependent scatter intensity curve of the monomeric particle intersects the curve for dimers at a scatter angle of 7 ° , and the curve for the mixture of multimers at 5.5 ° . The calculated model predicts an increase of scatter intensity between 1 ° and 5.5 ° , while between 7 ° and 12 ° a decrease should be observed. The model predictions were experimentally tested for the aggregation of human platelet suspensions (Supplementary Figure  3C) . Angle dependent scatter intensities were measured in a range from 1 ° to 12 ° using human platelet suspensions stimulated with 0.6 μ M ADP. The experimental data were in good accordance with the calculated scatter curves (compare Supplementary Figure 3B and 3C). As predicted by the model (Supplementary Figure 3A) , the intensity of the scattered light increased between 1 ° and 5 ° and decreased between 9 ° and 12 ° (Figure 1 A, 1B) during ADP stimulated platelet aggregation. In the range between 5 ° and 8 ° the changes in scatter intensity were less pronounced and are thus not suited for aggregation measurements. From the scatter curves shown in Figure 1 A it is evident that changes in scatter intensity are maximal at 1 ° , making this angle particularly suitable for aggregation measurement. Platelet shape dependent changes in scatter intensity are not observed at 1 ° . This phenomenon is refl ected by an increase of scatter intensity at 8 ° -12 ° with a maximal change at 12 ° (Figure 1 A, 1C) . Consequently, we chose a scatter angle of 1 ° to measure platelet aggregation and 12 ° for monitoring of platelet shape change. ADP stimulated a concentration-dependent increase of aggregation velocity and amplitude with a maximum response at 1 μ M of ADP (Figure 1 B) . Maximal shape change was induced by 90 nM ADP, a concentration which is not suffi cient to induce platelet aggregation (Figure 1 C) . We next characterized platelets from a Glanzmann ' s thrombasthenia patient who showed no platelet aggregation, while under the same conditions platelets from healthy volunteers fully aggregated. This served as additional proof that the data from the scatter angle of 1 ° represents platelet aggregation (Supplementary Figure 4 ) .
Quantitative characterization of platelet P2 receptors by LaSca method
Platelet receptors for extracellular nucleotides (ADP, ATP) belong to the P2 family and consist of two classes of membrane receptors: G protein-coupled P2Y 1 and P2Y 12 , and ligand-gated cation channel P2X 1 receptors (17 -20) . We applied our method to registration of platelet shape change and aggregation and for quantitative characterization of P2 receptors using established specifi c inhibitors. Platelet aggregation can be analyzed by measurement of the initial velocity (V ia ) of aggregation during the fi rst 60s interval after stimulation and the maximal amplitude [ Δ I(1)], calculated as differences between the maximal scatter intensity and the initial scatter intensity prior to stimulation. Both values are strongly (Figure 2 D) . The value for the Hill coeffi cient (2.53 ± 0.29) refl ects the observed cooperativity of P2Y 1 and P2Y 12 receptor activation in platelets (19) . ADP is routinely used in platelet aggregation tests in clinical laboratories over the range 3 -10 μ M. The EC 50 for ADP-induced platelet aggregation calculated from our data was 307 ± 17 nM with a maximal response at 1 μ M (Figure 2 C, Table 1 ). Inhibition of the P2Y 1 receptor signifi cantly increased the EC 50 for ADP without affecting U max (Figure 3 A, Table 1 ). In contrast, P2Y 12 inhibition signifi cantly decreased U max leaving the EC 50 unchanged (Figure 3 B, Table 1 ). These data support the hypothesized function of the P2Y 1 receptor as being necessary for the initiation of platelet aggregation, and the P2Y 12 receptor for maintenance of aggregation (21) . However, as described for P2Y 1 (22, 23) and P2Y 12 (24) knockout mouse models, the lack of either receptor does still allow for a small aggregation response. In line with this model, we obtained similar results in light scatter experiments (Supplementary Figure 6 ) .
Registration of platelet shape change by LaSca method
Platelet shape change is a reversible process which involves cytoskeleton reorganization resulting in a transition from discoid to spherical shape and then to a complex shape characterized by cell protrusions. Shape change reaction is mediated by two receptors, P2Y 1 which is activated by ADP and P2X 1 activated by ATP (25, 26) . In our experiments, EC 50 for platelet shape change for ADP was 47 ± 7 nM with a maximal response at 90 nM (Figure 4 A, 4C ). This ADP response could be completely blocked by the specifi c Activation of the platelet P2X 1 receptor leads to a transient increase of intracellular calcium and reversible shape change (27) . The EC 50 for the non-hydrolyzable ATP analog ( α , β -meATP) measured by calcium infl ux mediated by P2X 1 receptor was estimated to be approximately 0.4 μ M (28, 29) , while the EC 50 for this receptor expressed in oocytes was in nanomolar range (30) . In other recombinant and native P2X 1 expression systems, the EC 50 for ATP is approximately 1 μ M (31) . Here, we directly show P2X 1 receptor mediated activation of platelet shape change by ATP with an EC 50 23 ± 4 nM and a maximal effect at 50 nM (Figure 4 B, 4D ). Importantly, our data for the fi rst time allow the quantitative characterization of directly measured P2Y 1 and P2X 1 receptor-mediated platelet shape change.
Importance of secreted ADP, ATP and thromboxane A 2 (TxA 2 ) for collagen-induced platelet aggregation
Platelets activated by strong stimuli like collagen, thrombin or von Willebrand factor (vWF) release soluble platelet agonists (ADP, ATP) and produce TxA 2 which play an important role in formation of fi rm platelet aggregates. Since the LaSca method requires highly diluted PRP to achieve single scattering, we checked whether the infl uence of secreted ADP and TxA 2 on platelet aggregation is observable under these conditions. We used the established ADP receptors inhibitors (AR-C69931, MRS2179) which are specifi c for the P2Y 12 and P2Y 1 receptor, respectively (Figures 2 and 3 ) , and SQ-29548 for the inhibition of the TP (TxA 2 ) receptor. The stable TxA 2 analog U-46619 induced platelet shape change and strong activation at 100 nM which was completely inhibited by preincubation with 1 μ M of SQ-29548 (Figure 5 A) . The EC 50 for collagen induced platelet aggregation was 3.29 ± 0.14 ng/mL with a Hill coeffi cient of 2.6 ± 0.3 ( Table 1 ) . Preincubation of platelets with P2Y and TP receptor inhibitors strongly reduced collagen-induced shape change and aggregation (Figure 5 B, 5C, Table 1 ) indicating that our method is capable of detecting the effects of soluble agonist secreted from activated platelets.
Application of the LaSca method for analysis of mouse platelets
Transgenic mouse models are widely used for investigation of platelet function, therefore any novel technique for platelet function analysis should be applicable to mouse platelets. To achieve comparable aggregation, mouse platelets require higher ADP concentrations than human platelets (22) . In our experimental settings, the EC 50 for ADP of mouse platelets was 350 ± 21 nM ( Figure 6 ) which was slightly higher than for human platelets (307 ± 17 nM). However, maximal ADP response (1 μ M) was similar in human and mouse (compare Figures 2 and 6 ). Maximal shape change response induced by activation of P2Y 1 (90 nM of ADP) and P2X 1 (50 nM of ATP) receptors were similar to human platelets (compare Figures  4 and 6 ) . We also used other agonists (thrombin, collagen, TxA 2 ) and obtained similar results for human and mouse platelet aggregation responses (data not shown).
Application of the LaSca method for drug monitoring
The potent aggregation inhibiting drug clopidogrel irreversibly blocks the platelet P2Y 12 receptor. However, clinical experience indicates a remarkably high rate of therapy failure with clopidogrel which results primarily from insuffi cient metabolism of the prodrug. Since insuffi cient anti-platelet treatment bears an increased risk of fatal secondary cardiovascular events, timely detection of weak or absent response to the treatment is desired. In preliminary experiments, we analyzed PRP from a patient which normally responds to clopidogrel (Figure 7 A, 7B) before (control) and after 6 h and 24 h of a single clopidogrel (600 mg) dose (responder).
We also analyzed PRP 24 h after the same dose of clopidogrel given to a clopidogrel non-responder (non-responder, Figure 7 C, 7D). In the clopidogrel responder, the observed effect was similar to in vitro inhibition of the P2Y 12 receptor (compare Figures 7 A and 3B ). ADP-induced platelet aggregation parameters of the non-responder were similar to control (compare Figures 2 C and 7C) . Inhibition of P2Y 12 receptor by In contrast, inhibition of P2X 1 (2 μ M, NF449) and P2Y 12 (AR-C69931, 20 nM) receptors had no signifi cant effects on ADP-induced shape change. ATP-induced shape change is more rapid and reversible, it could be inhibited only by a specifi c P2X 1 receptor inhibitor (NF449, 2 μ M), whereas MRS2179 (2 μ M) and AR-C69931 (20 nM) had no effect. The P2Y 1 receptor response (A) can be described by the Langmuir equation (EC 50 = 54 ± 7 nM, h = 1.1 ± 0.3), while the P2X 1 receptor (B) response can be described by a sigmoid curve in a linear coordinate system and a Hill coeffi cient higher than unity (EC 50 = 18 ± 4 nM, h = 2.6 ± 0.5). Data are mean ± SEM, n = 8.
AR-C69931 indicates that absence of reaction to clopidogrel was not connected with any abnormalities of the P2Y 12 receptor function.
Discussion
Laser particle size analyzers available from commercial sources (e.g., Malvern, Beckman, Horiba, Fritch, and others) are widely used for size distribution analysis of natural and artifi cial particles. However, up until now, these devices have not been routinely applied to biological systems. Based on the technology used in these analyzers we created a new device and developed original software for the registration of platelet aggregation and shape change. Platelet aggregometry ( " Born aggregometry " , LTA) is recognized as a meaningful and valuable method for studying platelet function, and despite the availability of other methods, LTA is still regarded as the gold standard in platelet analysis. In LTA, changes in the transmittance of the sample are registered, its sensitivity is relatively low and only limited information about net changes in cell shape or volume can be obtained. Aggregometry is suitable for the detection of platelet functional defects and for monitoring of pharmacological properties of anti-platelet drugs. Platelet aggregation, however, as a general functional readout parameter does not allow for a detailed analysis of the underlying biochemistry as it results from a co-action of simultaneous or sequential processes, eventually leading to aggregate formation. In contrast, LaSca method combined with fl ow cytometry analysis of platelets taken directly from the cuvette offers the possibility to directly correlate the dynamics of platelet shape change and aggregation with the activity of established intracellular signaling pathways. The complexity of the underlying mechanisms and their wiring entails the inability to discern different signaling pathways. Defects or absence of signaling components may be obscured by others or compensated for by alternative pathways. Additionally, sample properties or composition signifi cantly affect the aggregation response. While common aggregometry techniques (LTA as well as impedance aggregometry) require the formation of visible (macro-) aggregates, only micro-aggregates composed of only a small number of platelets are required in LaSca. This is due to the fundamentally different design of the detection method applied by LaSca. While LTA is based on multiple scattering by platelets, LaSca detects single scattering events. The theoretical basis of single scattering is more elaborate than of multiple scattering and allows the combined analysis of cell size, volume, and distribution together with shape change and aggregation. In addition, the sensitivity of the LaSca method is considerably increased due to the fact that the scattered light is observed against a virtually dark background. The LaSca method avoids the limitations of common aggregometry by using a standardized sample buffer hence providing a uniform and identical environment in all experiments. The contribution of concomitant plasma factors as well as secondary effects resulting from paracrine platelet action or platelet-platelet interaction is almost completely eliminated by dilution of the plasma. The LaSca method thus provides an opportunity to investigate distinct pathways and their respective role in platelet aggregation and shape change. Thus, the LaSca method enables detailed investigation of platelet responses to stimulating or inhibiting signals with clear distinction of shape change and aggregation. The pharmacological data obtained by LaSca underline the remarkable sensitivity of this technique compared to conventional aggregometry or other established methods. The improved sensitivity is not only advantageous with regard to pharmacological analysis but may also allow the identifi cation and characterization of mild platelet disorders which are undetectable with standard laboratory techniques. Furthermore, anti-aggregatory drug action and effi cacy can be quantifi ed, and inadequate patient response to medication is detectable with high sensitivity. During development, dose fi nding and clinical phases for anti-platelet drugs there is undoubtedly a need for a meaningful functional parameter refl ecting platelet responsivity. Likewise, a method for detection of unwanted platelet affecting action as a drug side effect with adequate sensitivity is required. For both applications the LaSca method is highly suitable and recommendable owing to its high sensitivity. It has been recently recognized that the spectrum of platelet receptors and functional defects associated with bleeding disorders is signifi cantly greater than previously established. Therefore, a diagnostic work-up and risk stratifi cation of these patients would clearly benefi t from cell function tests with increased accuracy and capable of phenotypic profi ling (32) . Monitoring of anti-platelet treatment has been recognized superior to genotyping for receptor or drug metabolism defects. Insuffi cient platelet inhibition has been shown to be correlated with an increased risk of recurrent cardiovascular events and fatal incidents during intervention. For instance, the frequently used anti-platelet drugs acetyl-salicylic acid and clopidogrel show considerable inter-individual variability in effi cacy. Therapy failure is frequently associated with a high risk for adverse events, indicating the necessity for drug monitoring in order to improve the clinical outcome (33 -37) .
In summary, low angle light scattering analysis of human platelets as presented allows i)very sensitive and simultaneous quantitative online registration of changes in cell shape and aggregate formation; ii) highly improved sensitivity to detect agonist-evoked changes in human and mouse platelet shape change and aggregation, when compared to other methods including Born aggregometry; iii) quantitative functional analysis of various membrane receptors of human and mouse platelets and other cells which allow the phenotypic analysis of receptor defects and/or receptor inhibition in human diseases and mouse disease models. 
